Background: Understanding of inclusive one-nucleon knockout reactions for long-lived fission fragments (LLFPs) is crucial for nuclear transmutation studies. However, the particle and heavy ion transport code system (PHITS) severely overshoots the inclusive one-nucleon knockout cross sections σ−1N . Purpose: Development of a reaction model for describing the inclusive one-nucleon knockout processes is necessary. A key is specification of the position and the momentum of a nucleon inside a nucleus to be struck by the incident nucleon. Methods: The semiclassical distorted wave model incorporating the Wigner transform of the one-body nuclear density matrix is applied to the calculation of excitation energy distributions of reaction residues. Decay of a residue is described by introducing a threshold parameter for the minimum excitation energy of it. Results: With reasonable values of the parameter, the measured σ−1N for several LLFPs are reproduced by the proposed reaction model. The incident energy dependence of σ−1N is found to be governed by that of the nucleon-nucleon cross sections at energies higher than about 75 MeV. At low energies, the nuclear absorption and the Coulomb penetrability also become important. The energy dependence of neutron-induced σ−1N is predicted and found to be quite different from that of proton induced one. Conclusions: The proposed reaction model is shown to be promising in discussing the energy dependence of nucleon-induced inclusive one-nucleon knockout processes. The energy dependence of the measured σ−1p for 107 Pd above 100 MeV is, however, not explained by the present calculation.
I. INTRODUCTION
Reduction of high-level radioactive wastes produced in nuclear power plants is one of the most crucial issues in modern society. As a possible solution, so far a great effort has been devoted to realize the nuclear transmutation technology [1] . Very recently, nuclear spallation cross sections for some longlived fission products (LLFPs), which are very important reaction data for nuclear transmutation, have been measured for the first time at the RIKEN RI Beam Factory (RIBF) [2] [3] [4] . However, it is very difficult to measure the cross section data for all LLFPs at various incident energies. We therefore need a reliable model that can describe the existing data and has a predictive power. The particle and heavy ion transport code system (PHITS) [5] is one of the most promising candidates for "a standard model" to evaluate not only cross sections for specific reaction processes but also the amount of reaction products of a macroscopic system. In fact, PHITS has successfully been applied to facility design, medical physics, radiation production, and geoscience.
It was found that in general PHITS reproduces well the spallation cross sections taken at RIBF with hydrogen and deuterium targets. However, for processes in which only one nucleon is removed, PHITS tends to significantly overshoot the cross sections in many cases. It was discussed in Ref. [6] that overshooting of one-nucleon knockout cross sections by the Liège intranuclear cascade (INCL) model [7, 8] , which is incorporated in PHITS, comes from the nucleon momentum distribution inside a nucleus adopted by the model. In the INCL model a nucleon in the nuclear surface must have higher * kazuyuki@rcnp.osaka-u.ac.jp momentum, being in direct contradiction to the picture of the local Fermi-gas model. As a result, after a nucleon-nucleon collision that knocks out one nucleon, the excitation energy of the reaction residue has to be too low to allow further particle emission. The one-nucleon knockout cross sections evaluated with the INCL model are thus significantly larger than the experimental data. Very recently, a similar overshooting was reported [9] for the spallation cross sections of p-136 Xe at 200 MeV/nucleon taken at GSI. In Ref. [6] a phenomenological prescription to ease the restriction on nucleon momentum distributions in the nuclear surface was proposed, which improved the agreement between the result of the INCL model and experimental data. Thus, the nucleon momentum distribution inside a nucleus is found to be a key for evaluating one-nucleon knockout cross sections.
In this paper I propose a quantum-mechanical reaction model for describing one-nucleon knockout processes, with incorporating the Wigner transform (WT) of the one-body density matrix (OBDM) as a distribution of positions and momenta of a nucleon inside a nucleus. The reaction model is based on the semiclassical distorted wave (SCDW) model [10] [11] [12] [13] [14] [15] [16] developed for describing inclusive (p, p ′ ) and (p, n) processes to the continuum. Although the SCDW model can include up to three-step processes in terms of the nucleonnucleon collision, in this paper I take into account only a onestep process. This limitation will not significantly affect the discussion on one-nucleon knockout processes, because these occur only when a reaction residue has excitation energy in a narrow window that allows a reaction system to emit just one nucleon. Multistep direct processes hardly satisfy the condition required, at least for kinematics with which a meaningfully large cross section is obtained.
It should be noted that the reaction model proposed in this study is different from a usual distorted wave impulse ap-proximation (DWIA) [17] [18] [19] . The DWIA assumes a singleparticle (s.p.) wave function for the struck nucleon, and evaluates a triple-differential cross section, momentum distribution of the residual nucleus, or an integrated cross section, for a nucleon knockout process. These observables are multiplied by the so-called spectroscopic factor S sp for the s.p. state of interest and compared with data; in some cases through comparison with data S sp is determined. This model is expected to work when the experiment is designed to observe a s.p. state (or some specific s.p. states) of a nucleus. In such measurement, usually the residual nucleus B is in the ground state or low-lying bound excited states. On the other hand, in the spallation process what is probed is no longer pure s.p. states, that is, inclusive measurement of s.p. structures. In other words, reaction processes in which B is in continuum states play a crucial role. As described below, inclusion of the WT of the OBDM as in Ref. [14] allows one to describe the nuclear many-body system in a suitable manner to calculate continuous excitation energy distribution of the reaction residue.
This paper is organized as follows. In Sec. II I introduce a reaction model for describing inclusive one-nucleon knockout processes. In Sec. III A numerical inputs are given and in Sec. III B I discuss the excitation energy distribution of reaction residues. The energy dependence of protoninduced one-nucleon knockout cross sections are shown in Sec. III C and those for neutron-induced reactions are discussed in Sec. III D. Finally, a summary is given in Sec. IV.
II. FORMALISM
In what follows, unless otherwise denoted, formulation is done in the center-of-mass (c.m.) frame. For simplicity I adopt nonrelativistic kinematics; in the actual numerical calculation a relativistic correction on the kinematics is included. I consider nucleon (N ) induced inclusive processes, (N, N ′ x), where x represents that all the final states except for the outgoing nucleon are not specified. I assume the projectile nucleon is the same as the ejectile. This particle is called a leading particle (LP).
In the semiclassical distorted wave (SCDW) model incorporating the WT of the OBDM, the double differential cross section (DDX) for (N, N ′ x), with the outgoing energy E f and the solid angle Ω f specified, is given by [14] 
where
is the kinematical factor; µ c (c = i or f ) is the reduced mass in the initial (i) or final (f ) channel and K c is the asymptotic momentum of the LP in channel c. The distorted wave of the LP in the entrance (exit) channel, which is solved under an outgoing (incoming) boundary condition, is denoted by χ
. k α and k β are what one may interpret as the momenta of the nucleon N t inside the target nucleus A (the target nucleon) before and after the collision, respectively, with the LP.t represents the matrix element of a nucleon-nucleon effective interaction calculated with the relative momentum κ (κ ′ ) of the colliding two nucleons in the initial (final) state;t is related to the nucleon-nucleon cross section (dσ/dΩ) N Nt as
where µ N Nt is the reduced mass of the two nucleons. The initial and final states of the nucleus are denoted by α and β, respectively, and these labels are understood to specify also whether the target nucleon is proton or neutron. f 
with
Here, ϕ nlmj is the spatial part of a single-particle (s.p.) wave function specified by the principal quantum number n, the orbital angular momentum l, its third component m, and the total angular momentum j. The summation in Eq. (4) is taken over all the occupied states of the target nucleon. We adopt the filling approximation for an open orbit; F nlj is the ratio of the number of nucleons in the orbit to 2j + 1. It is known that WT satisfies the following sum rule
where f (γ) p is the WT for particle states. This sum rule has been used in deriving Eq. (1) and 2−f (β) h appears accordingly. For more details, readers are referred to Ref. [14] .
It should be noted that in Eq. (1) I have made a further approximation to the original SCDW model, that is, use of the asymptotic momentum K c instead of its local momentum in describing the kinematics of the LP inside A. The local momentum for the LP [10] is one of the most essential ingredients of the SCDW model, which allows the LP to reach a classically-inaccessible region and collide with a target nucleon there. Consequently, DDXs at very forward and backward angles change significantly as well as those with large energy transfer. However, in these regions the DDX is much smaller than its maximum value. A cross section integrated over E f and Ω f , which we are interested in as discussed below, is hardly affected by the inclusion of the local momentum of the LP.
A noteworthy feature of the SCDW model is that the DDX is given as an incoherent sum over the coordinate R, that is, the localization of the nucleon-nucleon collision inside A. This allows one to define the collision point of reaction processes, which gives in part a theoretical foundation to classical and quantum-mechanical simulations, such as the INC model [6] [7] [8] 20] , quantum molecular dynamics (QMD) [21] , and the time-dependent version of antisymmetrized molecular dynamics (AMD) [22] , applied to nuclear reaction studies. With the smoothness approximation to the WT, which was justified in Ref. [14] , the s.p. energy ε γ is evaluated by
where m Nt is the mass of the target nucleon and U Nt is the s.p. potential; for proton U Nt includes the Coulomb interaction. We then define the following quadruple "cross section"
where q is the magnitude of the momentum transfer q = K i − K f , Ω R is the solid angle of R, and φ α is the azimuthal angle of k α with respect to q. Through Eq. (7), ε α is determined by R and k α . Thus one may construct
where ω is the energy transfer defined by
In Eq. (9) f id is a normalization factor for nucleon-nucleon cross sections; it is 1/2 (unity) when the LP is identical to (different from) the target nucleon, Here I consider two possibilities for the residual nucleus, which is called the pre-fragment (PF) in PHITS, to be followed by particle decay. One is the nucleus A − N t referred to as B, and the other is A. The first case is realized when i) ε β is larger than the barrier height ε brNt for the struck nucleon and ii) the intrinsic energy of B
where S A Nt is the nucleon separation energy of A, is larger than a threshold energy ε 0Nt . ε brNt is taken to be the maximum value of U Nt ; for neutron ε brNt = 0. Since ε B ex can be interpreted as excitation energy of B, ideally it should be positive and ε 0Nt is set to 0. However, in this study I use ε 0Nt as an adjustable parameter to reproduce one-nucleon knockout cross sections measured at some specific energies. Necessity of introducing ε 0Nt will be due to lack of understanding of nuclear structure wave functions and also to inadequacy of the interpretation of k γ as a momentum of the target nucleon, that is, Eq. (7).
Once B is adopted as the PF, its excitation energy distribution is obtained by
with Θ being the Heaviside function. Unless the conditions i) and ii) are both satisfied, the nucleus A is chosen as the PF, and its excitation energy distribution is given following the definition of ω by
Rigorously speaking, the decaying property of the PF should be described by a statistical model. For example, one can export dσ (PF:C) /dε C ex (C is A or B) to the code system CCONE [23] and obtain one-nucleon knockout cross sections σ −1N . Instead of this, I just employ a threshold rule to calculate σ −1N in the following manner. When the FP is B, I calculate 
The upper limit S B min of the integration is set so as not to occur further particle decay. On the other hand, when the PF is A,
is evaluated. Then for proton I estimate a Coulomb penetration probability P 
III. RESULTS AND DISCUSSION
A. Numerical inputs I employ the Dirac phenomenology [24] to calculate the optical potentials for the LP; the so-called EDAD1 parameter set is used. The s.p. wave functions for the nucleon inside A is calculated with the Woods-Saxon potential by Bohr and Mottelson [25] . The nonlocal correction proposed by Perey and Buck [26] is included on both the distorted waves of the LP and the s.p. wave functions of the target nucleon. The range of nonlocality is taken to be 0.85 fm.
Although it is not explicitly shown in the formulae in Sec. II, an R-dependent nucleon effective mass m * Nt , its socalled k-mass component, is adopted in the numerical calculation as in Ref. [16] . The geometry of the difference between m * Nt and the bare mass m Nt is assumed to be the same as that of the Bohr-Mottelson potential. The ratio m * Nt /m Nt at the center of the nucleus is taken to be 0.7 (0.8) for proton (neutron), referring Mahaux and Sartor [27] .
As fort, I adopt the t-matrix interactions of Franey and Love [28] , with the so-called final-energy prescription in making an on-shell approximation.t is, as defined, evaluated in the nucleon-nucleon c.m. frame, and multiplied by the Møller factor to be transformed to the nucleon-nucleus c.m. frame. The neutron-neutron cross section is assumed to be the same as the proton-proton one.
B. Excitation energy distribution
In Fig. 1(a) ex . In other words, the result corresponds to the limit of ε 0n → −∞. This limit is always taken when I show excitation energy distributions below. The contributions from R = 2-4, 4-6, and 6-8 fm are shown by the dashed, dotted, and dash-dotted lines, respectively. In Fig. 1(b) the momentum distribution N n , which can be obtained by integrating the WT over R, of neutron in A is shown by the solid line. I use the normalization where N A is the neutron number of A; N A = 53 in this case. The other three lines in Fig. 1(b) represent the contributions from the three regions of R. The correspondence between the lines and the R regions is the same as in Fig. 1(a) . The neutron s.p. potential U n is plotted in Fig. 1(c) .
The dashed line in Fig. 1(b) has a peak at k α ∼ 1.0 fm −1 , whereas the dotted and dash-dotted ones at about 0.8 and 0.6 fm −1 , respectively. This is consistent with the picture of the local Fermi-gas model, that is, the upper limit of the nucleon momentum is restricted by the local density in which the nucleon exits. It should be noted that in the INCL model [7, 8] the nucleon momentum distribution in a nucleus is assumed to be almost opposite to the results in Fig. 1(b) ; in the nuclear surface a nucleon has to have high momenta. A modification on this assumption was proposed in Ref. [6] , which allows the nucleon to have a lower momentum. This is more consistent with the result obtained with the WT of the OBDM. However, there remains a somewhat large difference between the momentum distributions in Ref. [6] and Fig. 1(b) .
Neutron at smaller R thus has larger kinetic energies. On the other hand, U n becomes deeper as R decreases as shown in Fig. 1(c) . For R =2-4, the kinetic energy at the peak of N n is about 25 MeV, whereas U n ∼ −47 MeV; note that m * Nt /m Nt ∼ 0.8 in this region. Consequently, through Eq. (11) has a peak at negative ε 92 Zr ex , as shown by the dash-dotted line in Fig. 1(a) . Furthermore, even though the dashed and dotted lines in Fig. 1(a) have a peak at positive ε 92 Zr ex , they are broad enough to have non-negligible cross sections for negative ε 92 Zr ex .
In Fig. 2 I show the results for the case in which a target nucleon is proton, in the same way as in Fig. 1 . The proton momentum distribution N p is similar to N n in Fig. 1(b) ; the difference in the magnitude reflects that between the proton and neutron numbers of 93 Zr. The excitation energy distribution dσ Fig. 2(a) is found to be slightly shifted to lower energies, compared with dσ (PF:
92 Zr) /dε 92 Zr ex in Fig. 1(a) . This is mainly due to the Coulomb interaction in U p that increases ε α . One finds the absolute value of dσ is governed by ε 0p , whereas σ
is by not only ε 0n but also ε 0p through the neutron emission from A after a pp collision. In some cases ε 0Nt is found to be positive. This also will indicate inadequacy of understanding of the properties of nuclear many-body systems in the continuum. Nevertheless, ε 0Nt is found to lie in a reasonable range, except ε 0p for 107 Pd(p, p ′ x) at 196 MeV. corresponding to the mean values of σ −1N . I put a width of ε 0p and ε 0n corresponding to the uncertainties of the experimental data, and thereby estimate theoretical uncertainties. For visibility in the plot I slightly shift the energy of the results at 100 MeV; a similar shift is done also in the following when needed. One sees from Fig. 3 that for E in ≥ 75 MeV σ −1n and σ −1p decrease gradually as E in increases, whereas they drop rather steeply at lower incident energy.
This energy dependence can qualitatively be understood as follows. Let us describe the proton-induced one-nucleon knockout process for a nucleus A with a p + B + N t threebody model. We first make the adiabatic approximation to the B + N t motion. Then we assume that the elastic breakup process, in which B is in the ground state after breakup, can be neglected. In this case, as one sees from Eqs. (17) and (18) of Ref. [29] ,
where σ R (C) is the proton total reaction cross section for the nucleus C. Thus, the energy dependence of σ −1Nt is essentially determined by that for the p-N t cross section σ pNt . At low energies, as σ R (C) does, σ −1Nt drops steeply because of the Coulomb barrier. For the description of the behavior at low energies, however, one needs a more quantitative analysis. . This is consistent with the energy dependence of σ pp and σ pn in the energy region.
Below 75 MeV, the distributions in the positive excitation energy region decrease rather steeply. At such low energies the energy transfer is not large enough to knockout a deeply bound nucleon that has small values of ε α . This restriction is more significant for proton because of the Coulomb barrier. The E in dependence of the absolute values around the peaks are determined by that of σ pNt and of the absorption due to the imaginary part of the optical potential for proton. As a result of the competition between these, for 92 Zr ( 92 Y) the peak height decreases E in lower than 50 MeV (75 MeV). It should be noted, however, that to understand the energy dependence of σ −1N at low energies, the contributions of σ In Fig. 5 I show the E in dependence of (a) σ −1n and (b) σ −1p for 107 Pd(p, p ′ x). The circles show the experimental data taken from Ref. [3] . The triangles (diamonds) represent the calculated results with the threshold parameters (ε 0n , ε 0p ) determined so as to reproduce the experimental values at 118 MeV (196 MeV). Features of the results are the same as in Fig. 3 . An important remark on this system is that for σ −1n the two sets of theoretical results with different choices of (ε 0n , ε 0p ) agree well with each other. This indicates that the E in dependence of σ −1n is well described by the present reaction model. On the other hand, for σ −1p one finds a significant difference between the two sets of results. As mentioned above, the E in dependence of σ −1p at high energies is expected to be governed by that of σ pp . The experimental data show a completely different E in dependence. It will be very interesting and important to understand the origin of this behavior of the experimental data. dence at low energies becomes weaker. This is mainly due to the absence of the Coulomb barrier for the LP. In fact, the peak height in each panel of Fig. 7 increases as E in decreases, which indicates the energy dependence of σ nNt is stronger than that of the absorption caused by the neutron optical potential down to 25 MeV. Another finding is the difference in the E in dependence at higher energy. σ −1p depends on E in more strongly than σ −1n , which is opposite to the behavior for (p, p ′ x). This can easily be understood by the difference in the roles of σ nn and σ pn ; for (n, n ′ x) the former (latter) that has a weaker (stronger) E in dependence contributes to σ −1n (σ −1p ). This explains also the difference in the ratios σ −1n /σ −1p for (p, p ′ x) and (n, n ′ x) except at low energies. Figure 8 shows the results for 107 Pd(n, n ′ x). Features of the results in comparison with those in Fis. 5 can be explained as in the same way as above. The calculated σ −1p have large uncertainty, reflecting the difference between the two sets of (ε 0n , ε 0p ).
IV. SUMMARY
I have proposed a reaction model for describing nucleoninduced inclusive one-nucleon knockout reactions. As an advantage to the existing INCL models, the model incorporates the WT of OBDM of a nucleus as a radial and momentum distribution of the struck nucleon inside the nucleus. The proposed model contains threshold parameters for the excitation energy distributions, ε 0n and ε 0p , which are determined so that the one-neutron (σ −1n ) and one-proton (σ −1p ) knockout cross sections reproduce the experimental data. These parameters are considered to reflect inadequacy of understanding of the nuclear many-body wave functions, those in the continuum states in particular.
After fixing the threshold parameters, the model has been applied to the study of the dependence of σ −1n and σ −1p on the incident energy E in . At energies higher than about 75 MeV, the energy dependence is governed by that of the nucleon-nucleon total cross sections. This picture is supported by the experimental data for σ −1n of 107 Pd(p, p ′ x) measured at 118 and 196 MeV, but contradicts the behavior of σ −1p of the reaction. At low energies, because of the limitation of the energy transfer, it becomes difficult to knockout a target nucleon in general. However, the E in dependence is determined by also that of the nuclear absorption and the Coulomb penetrability for the LP, and that of the nucleon-nucleon total cross sections. The E in dependence of σ −1n and σ −1p for (n, n ′ x) turned out to be quite different from that for (p, p ′ x). This can be crucial for "extrapolating" proton-induced spallation cross sections to neutron-induced data that are inevitable for nuclear transmutation studies.
In this study I used a phenomenological s.p. wave functions of nuclei. Incorporation of more sophisticated nuclear wave functions calculated by, e.g., density functional theory will be desired. Combining a statistical model to describe decay of reaction residues is another important future work.
